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Formation and low energy collision-induced dissociation (CID) of doubly charged metal(II) 
complexes ([metal(II) + L~] a+, metal(II) = Co(II), Mn(II), Ca(II), Sr(II) and L = acetonitrile, 
pyridine, and methanol) were investigated. Complexes of [metal(II) + Ln] 2+ where n ~ 7 were 
obtained using electrospray ionization. Experimental parameters controlling the dissociation 
pathways for [Co(II) + (CH3CN)2] 2+ were studied and a strong dependence of these processes 
on the collision energy was found. However, the dissociation pathways appear to be 
independent of the cone potential, indicating low internal energy of the precursor ions. In 
order to probe how these processes are related to intrinsic parameters of the ligand such as 
ionization potential and metal ion coordination, low energy CID spectra of [metal(II) + L,] a+ 
for ligands such as acetonitrile, pyridine, and methanol were compared. For L = pyridine, all 
metals including the alkaline earth metals Ca and Sr were reduced to the bare [metal(I)] +
species. Hydride transfer was detected upon low energy CID of [metal(II) + Ln] 2+ for metal(II) 
= Co(II) and Mn(II) and L = methanol, and corroborated by signals for [metal(II) + H-] + and 
[metal(II) + H-  + CH3OH]÷, as well as by the complementary ion [CH30] +. (J Am Soc Mass 
Spectrom 1997, 8, 1124-1133) © 1997 American Society for Mass Spectrometry 
E lectrospray ionization (ESI) introduced by Fenn et 
al. [1] grants easy access to multiply charged 
metal-coordinated species with a variety of dif- 
ferent ligands. Initial work by the groups of Kebarle 
and co-workers [2-4l and Chait and co-workers [5] on 
doubly and triply charged inorganic complexes gener- 
ated by ESI stimulated a variety of studies in this field 
[6-8]. An excellent review in this specific area is pro- 
vided by Colton et al. [9l. Simultaneously, ESI became 
the method of choice to generate multiply charged ions 
of biomolecules [10] such as proteins [11, 12], carbohy- 
drates [13-16], and nucleic acids [17, 18]. 
Recently, we reported the observation of electron 
transfer processes upon low energy collision-induced 
dissociation (CID) of doubly charged alkaline earth and 
transition metal complexes of acetonitrile [19]. These 
species were shown to undergo a series of different 
dissociation pathways, most notable among them re- 
duction from [metal(II) + (CHgCN)n] 2+ to the [metal(I)] +
species. An example is given in Figure I showing the low 
energy CID product spectrum of [Co(II) + (CH3CN)2] 2+. 
Processes uch as reduction of metal(II) to metal(I) by 
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electron transfer from the ligand (filled circle) and/or 
collision gas (open circle) to the metal proton transfer 
between ligands (filled triangle), heterolytic leavage of 
the ligands (filled square), and neutral oss (cross) were 
identified. The various pathways are labeled in Figure 1, 
using the symbols given above. 
In the study presented here, we have extended our 
previous investigations by pursuing additional funda- 
mental studies with different solvents, thus+ allowing us 
to study various complexes that are not accessible by 
other ionization techniques. First, experimental condi- 
tions for formation of [metal(II) + L,] 2+ complexes with 
ligands such as acetonitrile, pyridine, and methanol by 
electrospray ionization were optimized in order to 
obtain these species with a wide range of n (number of 
ligands). The impact of experimental parameters, uch 
as collision energy, pressure, and cone voltage on the 
CID process was studied using [Co(II) + (CH3CN)2] 2. 
Low energy C1D spectra of [metal(II) + L~] 2+ complexes 
with ligands such as pyridine and methanol were also 
investigated in order to probe the role of intrinsic param- 
eters of the ligand, i.e., ionization potential (see Table 1) 
and coordination type (metal-nitrogen versus metal-oxy- 
gen bond). 
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Figure 1. Low energy CID product spectrum of [Co(lI) + (CH3CN)2] 2+ (m/z 70.5). Assignment: 
reduction of metal (m / z 59), electron transfer from ligand (m/z 41 ), electron transfer from CID gas 
(m/z 40), proton transfer between ligands (m/z 42 and 99), ligand cleavage (m/z 15 and 85 and 126), 
and loss of neutral ligand (m/z 50). (Reprinted from Kohler, M.; Leary, J. A. Gas Phase Reactions of 
Doubly Charged Alkaline Earth and Transition Metal (II)-Ligand Complexes Generated by ESI. Int. J. 
Mass Spec. Ion Processes 1997, 162, 17-34, with kind permission from Elsevier Science-NL, Sara 
Burgerhartstraat 25,1055 KV Amsterdam, The Netherlands. 
Experimental 
Spectra were acquired on a VG Quattro II triple qua- 
drupole electrospray mass spectrometer (Micromass 
Inc., Beverly, MA). The mobile phase (acetonitrile/ 
water 1:1, pyridine/water 1:1, or methanol/water 1:1) 
was delivered by a Pharmacia 2248 high-performance 
liquid chromatography (HPLC) pump (Pharmacia, 
Uppsala, Sweden) at a flow rate of 4/~L/min. Samples 
were injected using a Rheodyne 7125 injector (Rheo- 
dyne, Cotati, CA) equipped with a 100-/~L probe loop. 
For all tandem mass spectrometry experiments, ource 
potentials and cone position were optimized for maxi- 
mum precursor ion abundance. Typical values were: 
capillary 4 kV; counterelectrode 1.25 kV; cone 4-50 V; rf 
lens 1.7 V; skimmer 0.2 V; and skimmer lens offset 5 V. 
The source temperature was set to 70°C. Collision- 
induced dissociation was performed with argon and the 
collision gas pressure was 2.0 × 10 -3  mbar. If not stated 
otherwise, the collision energy was 10 eV (E]ab)- For all 
mass spectrometry and tandem mass spectrometry ex- 
periments, resolutions of MS1 and MS2 were set to 
obtain a peak width of 0.5 Da at half height, transmit- 
ting the most abundant isotope only. 
Samples were prepared by dissolving the corre- 
sponding metal(II)-chloride in a 1:1 mixture of water 
and the corresponding ligand (i.e., acetonitrile, metha- 
nol, or pyridine) at a concentration of 25C1 pmol//zL 
(2.5 x 10 -4 M). Acetonitrile, methanol, and water 
(HPLC grade) as well as  CoC l  2 and CaCl  2 were  pur- 
chased from Fisher Scientific (Pittsburgh, PA). Pyridine 
and SrC12 were  obtained from Aldrich (Milwaukee, WI) 
and MnCI2 was purchased from Mallinckrodt (Paris, 
KY). Argon (99.9995%) was obtained from Matheson 
(Gloucester, MA). 
Results and Discussion 
Formation of [Metal(U) + Ln] 2+ Complexes 
Concentration. The absolute intensities of the [metal(II) 
+ Ln] 2÷ complexes formed by electrospray ionization 
varied widely and depended on the combination of 
metal and ligand as well as on the number of coordi- 
nated ligands (n). In order to produce a strong precur- 
sor ion signal for tandem mass spectrometry experi- 
ments, a sample concentration of 250 pmol//~L was 
chosen. Certain species such as [Co(II) + CH3CN] 2+ 
were of very low abundance below this concentration. 
Cone voltage and ion source temperature. The cone volt- 
age applied in the electrospray interface was crucial to 
the composition and abundance of these metal(II) com- 
plexes. Significant differences were found for metal(lI)- 
ligand pairs depending on the strength of the metal(II)- 
ligand interaction. For a given number of ligands, more 
stable complexes uch as [Co(II) + (pyridine),] 2+ ap- 
pear at higher cone voltages than complexes howing 
weaker metal(II)-ligand interactions, uch as [Co(II) + 
(methanol)~] 2+. In each case, a reverse correlation be- 
tween the number of ligands and the optimum cone 
voltage for a given metal(II)-ligand system was found. 
This is demonstrated in Figure 2, showing the cone 
voltage required to obtain maximum abundance of 
complexes of Co(II) and Ca(II) with acetonitrile, pyri- 
dine, and methanol as a function of the number of 
ligands. The complete data for all metal-ligand pairs 
investigated is given in Table 2. Interestingly, Co(II)- 
methanol complexes having less than four ligands and 
Mn(II)-methanol complexes having less llhan three li- 
gands could not be generated. If the cone voltage was 
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Figure 2. Cone voltage (V) required to obtain max imum abun- 
dance of [metal(II) + L,] 2+ complexes [for metal(II) = Co(II) and 
Ca(II) and L = acetonitrile, pyridine, and methanol]. 
set to higher values, such as 80 V, the bare reduced 
[metal(I)] +species was detected as a major component 
in the ESI-mass spectrum. This in-source reduction pro- 
cess was observed for all metals investigated, although to 
a lesser extent for Ca and Sr than for Co and Mn. This 
can be explained by the fact that Co and Mn are more 
readily reduced, because their second ionization poten- 
tials (17.1 eV for Co and 15.6 eV for Mn) are signifi- 
cantly higher than those of Ca (11.9 eV) and Sr (11.0 eV). 
Formation of metal(II) complexes as a function of the 
source temperature was studied for the Co(II)-metha- 
nol system, because generation of a complete set of 
complexes (n = 1-6) could not be achieved by adjust- 
ing concentration and cone voltage. Experiments car- 
ried out at source temperatures between 40 and 160 °C 
showed a decrease of the [Co(II) + (CHBOH)4]  2+ species 
with increasing source temperature. However, this ef- 
fect was far less prominent han the changes in abun- 
dance and intensity distribution observed by varying 
the cone voltage. Also, species such as [Co(II) + 
(CH3OH)l,2,3] 2+ could not be detected either below or 
above the standard source temperature s tting of 70 °C. 
Ion source design. The actual physical design of the 
electrospray ion source and the source pressure have a 
very strong impact on the formation process of these 
metal(II) complexes. Significant differences in abun- 
Table 1. Ionization potentials (eV) 
Species Ionization potential (eV) 
Co(I) --* Co(ll) 17.1 
Ar  --~ Ar  + 15.8 
Mn(I) ---> Mn(ll) 15.6 
CH3CN --, CH3CN + 12.2 
Ca(I) --, Ca(ll) 11.9 
Sr(I) --* Sr(ll) 11.0 
CH3OH --, CH3OH + 10.9 
CsHsN --> CsHsN 9.3 
dance and intensity distribution were found for the 
same sample analyzed on a Micromass BioQ ion source 
and a Micromass Quattro ion source. For tlhe [Co(II) + 
(CHBCN),] 2+ system, complexes for n = 1-3 showing 
maximum abundance for n = 2 were obtained at a cone 
voltage of 45 V, using the BioQ ion source. In contrast, 
the Quattro ion source produced complexes for n = 
1-6, showing maximum abundance for n =: 3 at a cone 
voltage of 20 V. Data obtained for [Mn(II) + 
(CHBCN) , ]  2+ on  a Finnigan TSQ 7000 ESI mass spec- 
trometer (heated capillary interface) showed a very 
similar intensity distribution of the complexes (ob- 
served: n = 1-5, maximum at n = 4). Therefore, it is 
quite important to keep in mind that clustering as well 
as oxidation/reduction processes are clearly influenced 
by different source designs. 
Low Energy CID of 
[Metal(II) + (Acetonitrile)n] 2+ 
Before comparing the low energy CID pathways for the 
various ligands, the impact of experimental parameters 
such as cone voltage, collision energy, and collision gas 
pressure on the dissociation pathways were studied for 
the [Co(II) + (CH3CN)2]  2+ complex. A detailed discus- 
sion of the low energy CID pathways of this complex, 
such as electron transfer processes, proton transfer, 
ligand cleavage, and loss of neutral ligands were re- 
ported previously [18] and thus provided a beginning 
point from which additional research on this system 
and other solvent ligand systems temmed. 
Cone voltage versus internal energy of the precursor ion. 
Each metal(II)-ligand species optimizes within a given 
cone potential range. The [Co(II) + (CHgCN)2] 2+ com- 
plex is observed between 15 and 45 V. The maximum 
abundance for this species is obtained at a cone voltage 
of 30 V. It was anticipated that the fragmentation 
pattern observed for the [Co(II) + (CHBCN)2I 2+ com- 
plex might be dependent on the cone voltage. However, 
plotting the intensities of all major fragments relative to 
the base peak showed no significant dependence of the 
fragmentation pattern on the cone potential (see Figure 
3). Since these complexes are weakly bound, they 
dissociate preferentially before acquiring significant 
amounts of internal energy during the electrospray 
ionization process. 
Collision energy versus dissociation pathways. Low en- 
ergy CID experiments of the [Co(II) + (CH3CN)2]  2+ 
complex at collision energies between 1 and 60 eV 
revealed a strong correlation between the collision 
energy and the preferred dissociation pathways (see 
Figure 4). At low collision energy, proton transfer 
between ligands, indicated by the [CHBCN + H] + ion at 
m/z  42, is the dominating process. If the collision 
energy is increased to 10 eV, the absolute intensity of 
this signal decreases rapidly, and loss of a neutral 
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Table 2. Cone voltages (V) for maximum abundance of [metal(III) + Ln] 2+ complexes 
Species L igands (n) 1 2 3 4 5 6 7 
[Co(ll) + (acetonit r i le) . ]  2÷ 
[Mn(l l)  + (acetonit r i le) . ]  2+ 
[Ca(ll) + (acetonitr i le)~] 2+ 
[Sr(ll) + (acetonitr i le)n] 2+ 
[Co(ll) + (pyridine)n] 2~ 
[Mn(l l)  + (pyridine)n] 2- 
[Ca(ll) + (pyridine)n] 2+ 
[Sr(ll) + (pyridine)~] 2+ 
[Co(ll) + (methano l ) . ]  2+ 
[Mn(l l )  +(rnethano l ) . ]  2+ 
[Ca(ll) + (methano l ) . ]  2+ 
[Sr(ll) + (methano l ) j  2+ 
45 30 20 10 7 5 
40 25 15 10 5 5 
35 25 15 10 7 5 
30 20 15 10 5 3 
- 45  25  20  6 4 - 
- 45  30  20  7 4 - 
50 35 25 15 10 7 - 
45 30 20 15 7 4 - 
- - - 15 10 6 4 
- - 17 12 9 6 4 
30 20 17 12 9 6 - 
30 20 15 10 8 4 - 
ligand and heterolytic bond cleavage become the major 
processes, demonstrated by an increase of the signals 
for [Co(II) + CH3CN] 2+ at m/z 50 and [Co(II) + CN-]  + 
at m/z 85. Reduction/oxidation processes require the 
highest collision energies. These processes are indicated 
by signals for [Ar] +" at m/z 40, [CH3CN] ÷' at m/z 41, 
and [Co(I)] ÷ at m/z 59, corresponding to an electron 
transfer from the collision gas to the metal and from the 
ligand to the metal, respectively. For these redox pro- 
cesses, a flat maximum is observed at a collision energy 
of 30 eV. 
Pressure versus dissociation pathways. Investigation of 
the dependence of the dissociation pathways of [Co(II) 
+ (CH3CN)2] 2+ on the collision gas pressure between 
1.0 X 10 -4  and 4.0 × 10 -3 mbar showed a fairly weak 
impact of this parameter on the fragmentation path- 
ways. Loss of neutral igands, indicated by the [Co(II) + 
CH3CN] 2+ ion at m/z 50 reaches a maximum at a 
collision gas pressure of 2 × 10 -3 mbar; for all other 
pathways flat maxima were found at a collision gas 
pressure of 3 × 10 -3 mbar. 
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Figure 3. Relative intensities of the low energy CID product ions 
of [Co(II) + (CH3CN)212+ as a function of the cone voltage (m/z 
5O = 100%). 
It is evident from the results reported above that the 
collision energy is the major experimental parameter 
controlling the dissociation of the [Co(II) + (CHBCN)2] 2+ 
complex. There is a strong correlation between the 
collision energy and the preferred dissociation path- 
ways. Other parameters, uch as collision gas pressure 
and cone voltage, have little or no influence on the 
dissociation pathways observed. 
Low Energy CID of [Metal(II) + (Pyridine)n] 2+ 
After initial studies on the doubly charged Co(II), 
Mn(II), Ca(II), and Sr(II) complexes of oligosaccharides 
and acetonitrile [19], we began to investigate other 
doubly charged metal(II) complexes in order to explore 
how the intrinsic properties of the ligand affect the 
dissociation processes. In the previous study, the ion- 
ization potentials (IP) of ligand and collision gas versus 
the second IP of the metal(II) were found to be the 
critical parameters controlling the electron transfer pro- 
cess leading to the reduced [metal(I)] + species. It was 
found that electron transfer from ligand to metal upon 
low energy CID occurs only if the IP of the ligand is 
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Figure 4. Absolute intensities of the low energy CID product 
ions of [Co(II) + (CH3CN)2] 2+ as a function of the collision energy. 
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Figure 5. Low energy CID spectra of [Co(II) + (pyridine)2] 2+and [Mn([I) + (pyridine)2] 2+. 
lower than the second IP of the metal(II) species. In 
contrast o acetonitrile, which has an ionization poten- 
tial lower than Co(II) and Mn(II) but higher than Ca(II) 
and Sr(II), the ionization potential of pyridine is below 
that of all four metal ions used in this study (see Table 
1). It was therefore anticipated that reduction of all 
metals, including Ca(II) and Sr(II), would be observed 
upon low energy CID of the corresponding metal(II)- 
pyridine complexes. 
Doubly charged complexes of Co(II), Mn(II), Ca(II), 
and Sr(II) with pyridine were readily generated by 
electrospray ionization of a solution of the correspond- 
ing metal(II)-chloride in a 1:1 mixture of water and 
pyridine. Since a large number of solvent clusters are 
present in a typical electrospray spectrum in the low 
mass-to-charge ratio range (m/z < 200), the correct 
assignment and absence of isobaric species were veri- 
fied by low energy CID product spectra, analysis of the 
mass-to-charge ratio shift for different metal ions, and 
occurrence of fractional mass-to-charge ratio values. By 
varying the cone voltage, doubly charged complexes 
such as [metal(II) + (pyridine)n] 2+ with n =: 2-6 for 
Co(II) and Mn(II) and n = 1-6 for Ca(II) and Sr(II) 
could be obtained. The cone voltages for maximum 
abundance of each species are given in Table 2. Inter- 
estingly, no [metal(II) + (pyridine)n] 2+ species where 
n = 1 could be generated for either Co(II) or Mn(II). 
Electron transfer from ligand to metal. The low energy 
CID spectra of [Co(II) + (pyridine)2] ÷ and [Mn(II) + 
(pyridine)2] ÷ are shown in Figure 5. The major disso- 
ciation pathway was found to be reduction of metal(II) 
to metal(I) and oxidation of the pyridine ligand to the 
[pyridine] +" radical cation. For the [Co(II) + (pyri- 
dine)2] 2+ complex, this is demonstrated by ions at m/z 
59, 79, and 138, corresponding to [Co(I) +, [pyridine] +', 
and [Co(I) + pyridine] ÷, respectively. Since the IP of 
pyridine (9.3 eV) is lower than the IP of the collision gas 
(Ar, 15.8 eV), electron transfer from the collision gas is 
not observed. This is confirmed by the absence of a 
signal for [Ar] +" at m/z 40. In this case, the pyridine 
ligand is the sole source of electrons for the reduction 
process. Compared to the [Co(II) + (CH3CN)2] 2+ com- 
plex, where a weak signal for the oxidized ligand at 
m/z 41 is observed (Figure 1), the signal obtained from 
the corresponding [Co(II) + (pyridine)2] + ,complex for 
the oxidized pyridine ligand at m/z 79 is the base peak 
in the spectrum. 
Proton transfer. In addition to this very prominent 
redox process, evidence for proton transfer upon low 
energy CID of |Co(II) + (pyridine)2] a+ is found. Trans- 
fer of a proton from one pyridine ligand to the other 
leads to species uch as [pyridine + H] ÷ and [Co(II) + 
pyridine - HI + at m/z 80 and 137, respectively. The 
ions indicating proton transfer are approximately one 
order of magnitude less abundant than the correspond- 
ing redox processes. Interestingly, loss of a single pyri- 
dine ligand from [Co(II) + (pyridine)2] + could not be 
detected; there is no [Co(II) + pyridine] R+ ion at m/z 
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Figure 6. Low energy CID spectra of [Ca(II) + (pyridine)2] + and [Sr(II) + (pyridine)2] +. 
69. The same results were found for the [Mn(II) + 
(pyridine)2] ÷ complex. Instead, loss of a neutral HCN 
molecule from [pyridine] +" is observed, resulting in the 
[pyridine - HCN] + ion at m/z  52. Also, doubly charged 
[metal(II)] 2+ ions were not detected. 
Low energy CID of a similar system, [Cu(II) + 
(DMSO),] 2+, was investigated in a study by Kebarle 
and co-workers [2-4]. For these species, simple ligand 
loss was reported for n > 3, whereas at n = 3, 
reduction to [Cu(I) + (DMSO)2] + and [DMSO] + was 
observed. A study by Armentrout and co-workers [20] 
on sequential binding energies of [metal(I) + (H20)n]  + 
for metals(I) such as Ti and Cu shows the same trend for 
singly charged ions (see also [21]). The bond dissocia- 
tion energies of the first and second water molecules 
were reported to be large compared with those of the 
third and fourth water molecules, supporting the obser- 
vation that loss of neutral ligands is favored for com- 
plexes with a large number of ligands. 
These findings reported above are in concert with 
our results in that low energy CID of [Co(II) + (pyri- 
dine)2] 2+ yields [Co(I) + (pyridine)l-- and [pyridine] + at 
m/z  138 and 79, respectively. However, additional 
pathways were also observed that were not reported 
previously, leading to the reduced metal [Co(I)]"- and 
additional products formed by proton transfer and 
ligand cleavage. If doubly charged Co(II)-coordinated 
pyridine complexes with more than two pyridine li- 
gands are collisionally activated, the resulting spectra 
show consecutive loss of neutral pyridine ligands, ex- 
clusively until only two pyridine molecules remain on 
cobalt. 
Transition metals versus alkaline earth metals. An inter- 
esting question is how do the results for the transition 
metal species [Co(II) + (pyridine),] 2~- and [Mn(II) + 
(pyridine),] 2+ compare to those of the corresponding 
alkaline earth metal species [Ca(II) + (pyridine),] 2+ and 
[Sr(II) + (pyridine),]2+? One observation is that signals 
for the reduced alkaline earth metal species [Ca(I)] + and 
[Sr(I)] + at m/z  40 and m/z  88 are detected upon low 
energy CID of [Ca(II) + (pyridine)2] + and [Sr(II) + 
(pyridine)2] + (see Figure 6). In fact, reduction of all 
metals, including Ca(II) and Sr(I[), was observed upon 
low energy CID of the corresponding metal(II)-pyri- 
dine complexes. Since the IP of the pyridine ligand is 
lower than the second IP of all four metal ions investi- 
gated (see Table 1), reduction to the metal(I) species was 
observed in all cases. 
Proton transfer processes were also found for the 
alkaline earth metals. The low energy CID spectrum of 
[Ca(II) + (pyridine)2] + (Figure 6) shows ,~ignals at m/z  
80 and 118, corresponding to [pyridine + H] ÷ and 
[Ca(II) + pyridine - HF ,  respectively. The analogous 
set of ions appears for the corresponding [Sr(II) + 
(pyridine)2] + species. 
A striking difference between the transition and 
alkaline earth metal complexes is the absence of the 
[Co(II) + pyridine] 2+ and [Mn(II) + pyridine] 2+ spe- 
cies. These complexes could not be generated, either by 
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Figure 7. Low energy CID spectra of [Ca(II) + pyridine] 2+ and [Sr(II) + pyridine] 2+. 
adjusting the electrospray ionization conditions, or by 
low energy CID of the [Co(II) + (pyridine)2] + and 
[Mn(II) + (pyridine)2] + precursors. However, the cor- 
responding alkaline earth metal species are easily ob- 
tained by either in-source CID or by low energy CID of 
the [metal(II) + (pyridine)2] + precursor. Figure 7 
shows the low energy CID spectra of the [Ca(II) + 
pyridine] 2+ and [Sr(II) + pyridine] 2- single ligand 
complexes. Reduction to Ca(I) and Sr(I) is detected, 
indicated by the signals at m/z 40 and m/z 88, 
respectively. Proton transfer is not observed because 
only one ligand is present in this case. The reduction 
process becomes the major dissociation pathway dem- 
onstrated by the abundant signals for [Ca(I)] + and 
[pyridine] ÷" at m/z 40 and m/z 79, respectively. For 
[Ca(II) + pyridine] 2+ shown in Figure 7, the ratio of the 
relative abundances of [Ca(I)]- to [Ca(II)] 2+ is 20:1. For 
the corresponding [Sr(II) + pyridine] 2÷ species, how- 
ever, the ratio of [Sr(I)] + to [Sr(II)] 2+ is 1:10. Thus 
calcium is found primarily as the reduced [Ca(I)] + 
species, whereas strontium is detected mainly as the 
[Sr(II)] 2+ ion. This is reflective of the higher IP of Ca(II) 
(11.9 eV) versus Sr(II) (11.0 eV). These findings are true 
for the [Ca(II) + (pyridine)2] + species as well (Figure 
6). 
In comparing the low energy CID spectra of all 
[metal(1) + (pyridine)J 2+ species (Figures 5-7), it 
should be noted that the singly charged [Ca(I) + 
pyridine] + (m/z 119) and [Sr(I) + pyridine] + (m/z 
167) species are not observed. For cobalt and manga- 
nese, however, (both of which have higher IP's than 
those of calcium and strontium), abundant signals of 
the reduced, singly charged [Co(I) + pyridine] + and 
[Mn(I) + pyridine] + species are observed at m/z 138 
and m/z 134, respectively (see Figure 5). 
Low Energy CID of [Metal(II) + (Methanol)j 2+ 
After probing different ligands such as acetonitrile and 
pyridine in order to investigate how the differences of 
the ionization potentials affect the low energy CID 
pathways, the decision was made to assess the role of 
the metal-ligand bond itself, and so methanol was 
investigated as a ligand. Both acetonitrile and pyridine 
coordinate to the metal through a metal-nitrogen bond, 
and so it was anticipated that differences in dissociation 
pathways might be observed for the metal-oxo com- 
plexes. 
Doubly charged complexes of Co(II), Mn(II), Ca(II), 
and Sr(II) with methanol were easily generated by ESI 
of a solution of the corresponding metal(II)-chloride in
a 1:1 mixture of water and methanol. Again, correct 
assignment and absence of isobaric species were veri- 
fied by low energy CID product spectra. Doubley 
charged complexes uch as [metal(II) + (CH3OH)n]  2+ 
with n = 4-7  for Co(II), n = 3-7 for Mn(II), as well as 
n = 1-6 for Ca(II) and Sr([I) could be obtained by 
varying the cone voltage. The cone voltages for maxi- 
mum abundance of each species are given, in Table 2. 
Numerous efforts to generate [metal(II) + (CH3OH),] 2+ 
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Figure 8. Low energy CID spectra of [Co(II) + (CH3OH)4] 2+ and [Mn(II) + (CH3OH)4] 2+. Collision 
energy 20 eV. 
complexes with n = 1, 2, 3 for Co and n = 1, 2 for Mn 
by adjusting ionization conditions, sample concentra- 
tion, and ion source temperature failed. However, small 
amounts of the [metal(II) + (CHgOH)2] 2+ species could 
be obtained indirectly by low energy CID of the |met- 
al(II) + (CH3OH)4] 2+ precursor (see m/z 61..5 and m/z 
59.5 in Figure 8). 
Hydride transfer. The low energy CID spectra of [Co(II) 
-I- (CH3OH)4] 2+ and [Mn(II) + (CH3OH)4] 2+ are given 
in Figure 8. All [metal(II) + (CH3OH)4] 2+ species were 
found to dissociate very easily. The most striking fea- 
tures of the spectra shown in Figure 8 are the presence 
of [Co(II) + H- l  + atm/z 60 and [Mn(II) + t-I-I + atm/z 
56. (All signals in Figure 8 related to hydride transfer 
are labeled with a filled inverted triangle). These ions 
had not been observed uring the previous experiments 
with acetonitrile and pyridine. In both cases utilizing 
cobalt and manganese as the coordinating metals, the 
complementary ion [CH30] + at m/z 31 was detected, 
suggesting a hydride transfer upon low energy CID 
from the methanol ligand to the metal. This results in a 
[CHgOl+/[metal(II) + H-]  + complementary ion pair. 
Further evidence for this hydride transfer process is 
given by another pair of ions at m/z 92 and m/z 88, 
corresponding to [Co(II) + H-  + CH3OH] + and [Mn(II) 
+ H-  + CHBOH] +, respectively. Since we observe the 
[CH30] + ion at m/z 31, we suggest that the [metal(II) + 
H- ] -  ion is formed from the [metal(II) + (CH3OH)4] 2+ 
precursor by loss of three neutral methanol igands, 
followed by a loss of a [CH30] + ion, detected at m/z 
31. Alternatively, the [metal(II) + H- ]  + species can be 
formed from the [metal(II) + (CH3OH)4] 2÷ precursor by 
loss of two neutral igands and one protonated ligand 
([CHBOH + H] + at m/z 33), resulting in [Co(II) + 
CH30- ]  +, which is transferred subsequently to [Co(II) 
+ H- ]  + by loss of a CH20 neutral. Additional support 
for the correct assignment of the signal at m/z 60 as 
[Co(II) + H-]  + was obtained by generation of this 
species by in-source CID, followed by conventional low 
energy CID (MS/MS/MS). The only product ion de- 
tected in this case was at m/z 59, corresponding to 
[Co(I)l +. Since hydride transfer was not detected for 
acetonitrile and pyridine, neither of which contain an 
OH functionality, it is our contention that the presence 
of the hydroxy group is required for this mechanism to 
occur. A somewhat similar reaction was observed by 
Tonkyn and Weisshaar [22], where hydride abstraction 
from a C-H bond by a doubly charged metal was 
observed. Using a fast flow reactor coupled to a qua- 
drupole mass spectrometer, [Ti(II)] 2+ + C2H 6 was con- 
verted to [Ti(II) + H- ]  + + [C2Hs] + and [Ti(I)] + + 
[C2H6] + (see also [23]). 
Proton transfer. Another dissociation pathway ob- 
served upon low energy CID of [Co(II) + (CHBOH)4] 2+ 
and [Mn(II) + (CH3OH)4] 2+ is proton transfer. This is 
illustrated by the ions [Co(II) + CH30-]  + and [Mn(II) + 
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Figure 9. Low energy CID spectra of [Ca(II) + (CH3OH)4] 2+ and [Sr(II) + (CH3OH)4] 2+. 
CH30-]  ÷ at m/z  90 and 86, as well as [Co(II) + CH30-  
+ CH3OH] + and [Mn(II) + CH30-  + CH3OH] ÷ at m/z  
122 and 118, respectively. A complementary ion 
[CH3OH + HI ÷ was found at m/z  33, confirmation that 
protons are indeed transferred between the methanol 
ligands. The relative abundance of these ions is consid- 
erably higher for methanol as compared with pyridine, 
reflecting the availability of a hydroxyl proton. In a 
recent study on electrospray ionization of copper- 
glycine solutions, Yergey and co-workers [24] gave 
another example of reduction and proton transfer upon 
electrospray ionization (in-source CID). Using a Cu(II)- 
glycine sample solution, species uch as [Cuff) + gly] ÷ 
were observed in the electrospray mass spectrum. 
However, [Cu(I)] ÷ was not reported by the authors. The 
Cu(II)-glycine system also shows some evidence for 
proton transfer upon in-source CID, demonstrated by 
the ions [gly + H] ÷ and [Cu(II) + gly + gly-] ÷ detected 
in the mass spectrum. Certainly, there is no direct proof 
that the proton attached to the glycine is effectively 
originating from the other glycine ligand (and not from 
the solvent) and the authors suggest correctly that final 
verification of some of these processes needs to be 
carried out on a tandem mass spectrometer where the 
precursor could be isolated before dissociation is in- 
duced. 
Ligand cleavage. Cleavage of the methanol igand is 
observed during CID of [Co(II) + (CH3OH)4] 2+ and 
[Mn(II) + (CH3OH)4] 2÷ as described previously for 
acetonitrile and pyridine. The C-O bond is cleaved 
heterolytically, forming [CH3] + and [OH]-. The [CHg] + 
ion is detected at m/z 15, whereas the [OH]- ion 
remains coordinated to the metal ion. This is indicated 
by the ions [Co(II) + OH-]  + and [Co(II) + CHBOH + 
OH-]  + at m/z  76 and m/z  108, respectively. The same 
set of ions is found for [Mn(II) + (CH3OH)4] 2+. 
Somewhat more difficult to explain are the signals at 
m/z  59 and m/z  55, corresponding to the reduced 
metals [Co(I)] + and [Mn(I)] ÷, respectively. In contrast 
to the previous examples, there is no evidence for the 
source of the electron involved in the reduction process 
leading to [Co(I)] + and [Mn(I)] +. The fact that neither 
signals for the oxidized ligand ([CHgOH] +', m/z  32) 
nor for the oxidized collision gas ([Ar] +', m/z  40) could 
be detected suggests that another explanation for the 
formation of these species other than electron transfer 
from ligand or collision gas to the metal is :needed. One 
possibility is that the [Co(I)] + and [Mn(I)] + species are 
formed from the [metal(II) + OH-]  + intermediate by an 
electron transfer from the hydroxyl igand to the metal, 
followed by a loss of a neutral OH radical. We are 
currently investigating various experiments o address 
this possibility. 
Transition metals versus alkaline earth metals. Loss of 
neutral igand is the most prominent dissociation path- 
way of the [Ca(II) + (CH3OH)4] 2+ and [Sr(II) + 
(CH3OH)4] 2+ complexes indicated by the ions [Ca(II) + 
(CH3OH)l,2,3] + and [Sr(II) + (CH3OH)l,2,3] + at m/z 36, 
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52, and 68, and m/z  60, 76, and 92, respectively (see 
Figure 9). The second set of abundant product ions 
found for [Ca(II) + (CH3OH)4] 2+ and [Sr(II) + 
(CH3OH)4] 2+ is due to proton transfer between the 
methanol ligands, demonstrated by the complementary 
ion pairs [Ca(II) + CH30- ]  + and [CH3OH + H] + at 
m/z  71 and m/z  33, as well as [Sr(II) + CH30- ]  + and 
[CH3OH + H] + at m/z  119 and m/z  33, respectively. 
For the alkaline earth metals, the hydride transfer 
process is absent, and ions representing [Ca(II) + H- ]  + 
or [Sr(II) + H- ]  + were not found. The same holds true 
for the reduction process; [metal(I)] + species are clearly 
absent from both spectra. Although the low IP of 
methanol (10.9 eV) suggests reduction of all metal (II) 
species, ions indicative of this process such as [Ca(I)] + 
and [Sr(I)] + were not observed. Clearly, there are fun- 
damental differences in the dissociation pathways be- 
tween the metal(I I)-acetonitri le/pyridine complexes 
and the metal(I I)-methanol complex. Since both aceto- 
nitrile and methanol differ in one functional group, we 
suggest that the different properties of the metal-  
nitrogen versus the metal -oxygen bond are reflected in 
the different dissociation pathways observed. 
Conclusions 
Doubly charged metal(II) complexes [metal(II) + Ln] 2+ 
are readily generated by electrospray ionization for a 
variety of metal(II)-l igand pairs. The cone voltage is the 
most crucial parameter controlling the formation of 
these doubly charged species and a strong negative 
correlation between the cone potential and the number 
of l igands was found in our particular instrument. The 
experimental parameters controlling the dissociation 
pathways were studied for [Co(II) + (CH3CN)z] 2+ and 
found to be strongly dependent on the collision energy. 
Conversely, it was found that the dissociation pattern is 
not dependent on the cone potential, indicating low 
internal energy of the [metal(II) + L~] 2+ complexes. 
Low energy CID spectra of [metal(II) + Ln] 2+ com- 
plexes with ligands such as pyridine and methanol 
showed how intrinsic parameters of the ligands such as 
ionization potential and coordination type affect the 
dissociation pathways of these doubly charged species. 
In contrast o the corresponding metal(II)-acetonitrile 
complexes, signals for the reduced alkaline earth metal 
species [Ca(I)] + and [Sr(I)] + were detected upon low 
energy CID of [Ca(II) + (pyridine)2] ÷ and [Sr(II) + 
(pyridine)2] +. Reduction to the metal(I) species is ob- 
served in all cases because the IP of the pyridine ligand is 
lower than the second IP of all four metals investigated. 
For the transition metals Co and Mn, hydride trans- 
fer was detected upon low energy CID of [metal(II) + 
(CH3OH)4] 2+ and corroborated by signals for [metal(II) 
+ H- ]  + and [metal(II) + H-  + CHgOH] +, as well as by 
the complementary ion [CH30] +. We suggest hat the 
[metal(II) + H- ]  + species are formed by loss of three 
neutral methanol l igands from the [metal(II) + 
(CH3OH)4] 2+ precursor, followed by loss of a [CH30] + 
ion detected at m/z  31. Alternatively, the [metal(II) + 
H- ]  + species can be generated from the [metal(II) + 
(CH3OH)4] 2+ precursor by loss of two neutral ligands 
and one protonated ligand resulting in [Co(II) + 
CH30- ]  ÷, which is transferred subsequently to [Co(II) 
+ H- ]  ÷ by loss of a CH20 neutral. 
The variety of dissociation pathways found for these 
[metal(II) + Ln] 2+ complexes as a function of the combi- 
nation of metal and ligand is intriguing and many of these 
systems have yet to be investigated. Future work in this 
area will include bridged N,N systems and mixed N,O 
ligands in order to obtain more information on the intrin- 
sic effect of the ligands and metal-ligand interactions. 
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